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Abstract Osteoporotic fractures are a major cause of
morbidity in the elderly population. Since postmenopausal
osteoporosis is related to an increase in osteoclastic activity
at the time of menopause, inhibitors of bone resorption
have genuinely been considered an adequate strategy for
prevention and treatment of osteoporosis. Bisphosphonates
and selective oestrogen receptor modulators are widely
prescribed to treat osteoporosis. However, other antire-
sorptive drugs have been developed for the management of
osteoporosis, with the objective of providing a substantial
reduction in osteoporotic fractures at all skeletal sites,
combined with an acceptable long-term skeletal and sys-
temic safety profile. Denosumab, a human monoclonal
antibody to receptor activator for nuclear factor kappa B
ligand, has shown efficacy against vertebral, nonvertebral
and hip fractures. Its administration every 6 months as a
subcutaneous formulation might significantly influence
compliance and persistence to therapy. Additional results
regarding long-term skeletal safety (i.e. osteonecrosis of
the jaw and atypical diaphyseal femoral fracture) are nee-
ded. Odanacatib, a selective cathepsin K inhibitor, is a
promising new approach to the inhibition of osteoclastic
resorption, with the potential to uncouple bone formation
from bone resorption. Results regarding its anti-fracture
efficacy are expected in the coming months.
1 Introduction
Osteoporosis is defined as a systemic skeletal disease
characterized by low bone mass and microarchitectural
deterioration of bone tissue, with a consequent increase in
bone fragility and susceptibility to fractures [1]. Osteopo-
rotic fractures are a major cause of morbidity in the pop-
ulation [2]. Approximately 50 % of fracture-related deaths
in women are due to hip fractures, 28 % to clinical verte-
bral fractures and 22 % to other factures. Since postmen-
opausal osteoporosis was originally related to an increase
in osteoclastic activity at the time of menopause, because
of the disappearance of the oestrogen inhibitory effect on
bone resorption, inhibitors of bone resorption have genu-
inely been considered an adequate strategy for prevention
and treatment of osteoporosis. Bisphosphonates have been
widely prescribed to postmenopausal women for treatment
and prevention of osteoporosis [3]. However, given a
background of reports of recent safety problems [4–6] and
questions about optimal duration of use, substantial
declines in prescriptions and sales of oral bisphosphonates
(since 2007–2008) and intravenous bisphosphonates (since
2010) for osteoporosis treatment have been observed [3].
Furthermore, it has been suggested that more than half of
the potential clinical benefits of oral bisphosphonates in
patients with osteoporosis are lost because of poor adher-
ence to treatment [6, 7]. Selective oestrogen receptor
modulators have been shown to significantly reduce the
risk of vertebral fracture [8], but their effects on nonver-
tebral fractures were only shown in post hoc analysis
conducted in women with severe vertebral fracture at
baseline [8, 9]. This lack of efficacy against nonvertebral
fractures in the overall osteoporotic population, combined
with a significant increase in venous thromboembolic
events, has limited their use in terms of first-line treatment
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of osteoporosis, particularly in elderly women [10]. A
substantial body of evidence indicates that many generic
formulations of oral bisphosphonates are less well tolerated
than the proprietary preparations, which results in signifi-
cantly poorer adherence and thus effectiveness [11]. Other
antiresorptive drugs have been developed for the manage-
ment of osteoporosis, with the objective of providing
substantial reductions in osteoporotic fractures at all skel-
etal sites, combined with an acceptable long-term skeletal
and systemic safety profile. Particular emphasis has been
put on interventions that might improve long-term adher-
ence to therapy.
2 Denosumab (Human Monoclonal Antibody
to Receptor Activator for Nuclear Factor Kappa B
Ligand)
2.1 Mode of Action
Receptor activator for nuclear factor kappa B ligand
(RANKL), a member of the tumour necrosis factor super-
family, is expressed by osteoblasts and their immature
precursors and is necessary and sufficient for osteoclasto-
genesis. RANKL activates its receptor, RANK, which is
expressed on osteoclasts and their precursors, thus pro-
moting osteoclast formation and activation and prolonging
osteoclast survival by suppressing apoptosis [12]. In vivo,
the effects of RANKL are counteracted by osteoprotegerin,
a soluble neutralizing decoy receptor. Elderly women with
hip fractures exhibit increased RANKL/osteoprotegerin
messenger RNA content in the iliac bone [13].
2.2 Phase 1 Studies
Denosumab, a fully human monoclonal antibody to
RANKL, blocks binding of RANKL to RANK. In healthy
postmenopausal women, a single subcutaneous dose of
denosumab resulted in a dose-dependent, rapid (within
12 h), profound (B84 %) and sustained (B6 months)
decrease in urinary crosslinked N-telopeptides of type I
collagen (NTx). At 6 months, there was a mean change
from baseline of -81 % in the 3.0 mg/kg denosumab
group compared with -10 % in the placebo group. Bone-
specific alkaline phosphatase levels did not decrease
remarkably until after 1 month, indicating that the effect of
denosumab is primarily antiresorptive. No related serious
adverse events occurred [14].
2.3 Phase 2 Studies
The efficacy and safety of subcutaneously administered
denosumab were evaluated over a period of 24 months in
412 postmenopausal women with low bone mineral density
(BMD) (a T score of -1.8 to -4.0 at the lumbar spine or
-1.8 to -3.5 at the proximal femur). Subjects were ran-
domly assigned to receive either denosumab every
3 months (at a dose of 6, 14 or 30 mg), denosumab every
6 months (at a dose of 14, 60, 100 or 210 mg), open-label
oral alendronate once weekly (at a dose of 70 mg) or
placebo. The primary endpoint was the percentage change
from baseline in BMD at the lumbar spine at 12 months.
Changes in bone turnover were assessed by measurement
of serum and urine telopeptides and bone-specific alkaline
phosphatase. Denosumab treatment for 12 months resulted
in increases in BMD of 3.0–6.7 % at the lumbar spine (as
compared with an increase of 4.6 % with alendronate and a
loss of 0.8 % with placebo), 1.9–3.6 % at the total hip (as
compared with an increase of 2.1 % with alendronate and a
loss of 0.6 % with placebo) and 0.4–1.3 % at the distal
third of the radius (as compared with decreases of 0.5 %
with alendronate and 2.0 % with placebo). It is worth
noting that increases in BMD at the distal radius have not
been described with bisphosphonates. Near-maximal
reductions in the mean levels of serum C-telopeptide
(CTX) from baseline were evident 3 days after the
administration of denosumab. The duration of the sup-
pression of bone turnover appeared to be dose dependent
[15].
After 24 months, patients receiving denosumab either
continued treatment at 60 mg every 6 months for an
additional 24 months, discontinued therapy or discontinued
treatment for 12 months then re-initiated denosumab
(60 mg every 6 months) for 12 months. The placebo
cohort was maintained. Alendronate-treated patients dis-
continued alendronate and were followed [16]. Changes in
BMD and bone turnover markers (BTMs), as well as safety
outcomes, were evaluated. Overall, 262 of 412 patients
(64 %) completed 48 months of the study. Continuous,
long-term denosumab treatment increased BMD at the
lumbar spine (by 9.4–11.8 %) and total hip (by 4.0–6.1 %).
BTMs were consistently suppressed over 48 months. Dis-
continuation of denosumab was associated with a BMD
decrease of 6.6 % at the lumbar spine and 5.3 % at the total
hip within the first 12 months of treatment discontinuation.
Retreatment with denosumab increased lumbar spine BMD
by 9.0 % from the original baseline values. BTM levels
increased upon discontinuation and decreased with re-
treatment. Adverse event rates were similar among treat-
ment groups [17]. The study was then extended for 4 years,
where all subjects received denosumab. Of the 262 subjects
who completed the parent study, 200 enrolled in the
extension and, of these, 138 completed the extension. For
the subjects who received 8 years of continued denosumab
treatment, BMD at the lumbar spine (N = 88) and total hip
(N = 87) increased by 16.5 and 6.8 %, respectively,
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compared with their parent study baseline values, and by
5.7 and 1.8 %, respectively, compared with their extension
study baseline values. For the 12 subjects in the original
placebo group, 4 years of denosumab resulted in BMD
gains comparable to those observed during the 4 years of
denosumab in the parent study. Reductions in BTMs were
sustained over the course of continued denosumab treat-
ment. Reductions were also observed when the placebo
group transitioned to denosumab. The adverse event profile
was consistent with those in previous reports and an aging
cohort [16].
In 332 postmenopausal women with lumbar spine BMD
T scores between -1.0 and -2.5 who were randomly
assigned to receive either denosumab 60 mg or placebo sub-
cutaneously every 6 months, denosumab significantly
increased lumbar spine BMD, compared with placebo, at
24 months (6.5 versus -0.6 %, P \ 0.0001). Denosumab
also produced significant increases in BMD at the total hip,
one third radius and total body (P \ 0.0001 versus placebo);
increased distal radius volumetric BMD (P \ 0.01);
improved hip structural analysis parameters; and significantly
suppressed serum CTX, tartrate-resistant acid phosphatase-5b
and intact N-terminal propeptide of type 1 procollagen [18].
2.4 Phase 3 Studies
In a phase 3, multicentre, double-blind study comparing
the efficacy and safety of denosumab with alendronate in
postmenopausal women with low bone mass, 1,189 post-
menopausal women with a T score B-2.0 at the lumbar
spine or total hip were randomized 1:1 to receive subcu-
taneous denosumab injections (60 mg every 6 months)
plus oral placebo weekly (n = 594) or oral alendronate
weekly (70 mg) plus subcutaneous placebo injections
every 6 months (n = 595). Changes in BMD were assessed
at the total hip, femoral neck, trochanter, lumbar spine and
one third radius at 6 and 12 months, and in BTMs at
months 1, 3, 6, 9 and 12. Safety was evaluated by moni-
toring of adverse events and laboratory values. At the total
hip, denosumab significantly increased BMD, compared
with alendronate at month 12 (3.5 versus 2.6 %,
P \ 0.0001). Furthermore, significantly greater increases
in BMD were observed with denosumab treatment at all
measured skeletal sites (12-month treatment difference:
0.6 % at the femoral neck, 1.0 % at the trochanter, 1.1 % at
the lumbar spine, 0.6 % at the one third radius; P B 0.0002
at all sites). Denosumab treatment led to a significantly
greater reduction in BTMs than alendronate therapy.
Adverse events and laboratory values were similar for
denosumab- and alendronate-treated subjects. Denosumab
demonstrated significantly larger gains in BMD and greater
reduction in BTMs than alendronate. The overall safety
profile was similar for both treatments [19].
In the FREEDOM (Fracture Reduction Evaluation of
Denosumab in Osteoporosis Every 6 Months) study, 7,868
women between the ages of 60 and 90 years who had a
BMD T score of less than -2.5 but not less than -4.0 at
the lumbar spine or total hip were randomly assigned to
receive either 60 mg of denosumab or placebo subcutane-
ously every 6 months for 36 months. The primary endpoint
was new vertebral fracture. Secondary endpoints included
nonvertebral and hip fractures.
As compared with placebo, denosumab reduced the risk
of new radiographic vertebral fracture, with a cumulative
incidence of 2.3 % in the denosumab group versus 7.2 % in
the placebo group (risk ratio 0.32, 95 % confidence interval
[CI] 0.26–0.41, P \ 0.001), a relative decrease of 68 %.
Denosumab reduced the risk of hip fracture, with a cumu-
lative incidence of 0.7 % in the denosumab group versus
1.2 % in the placebo group (hazard ratio 0.60, 95 % CI
0.37–0.97, P = 0.04), a relative decrease of 40 %. Deno-
sumab also reduced the risk of nonvertebral fracture, with a
cumulative incidence of 6.5 % in the denosumab group
versus 8.0 % in the placebo group (hazard ratio 0.80, 95 %
CI 0.67–0.95, P = 0.01), a relative decrease of 20 %. There
was no increase in the risk of cancer, infection, cardiovas-
cular disease, delayed fracture healing or hypocalcaemia,
and there were no cases of osteonecrosis of the jaw and no
adverse reactions to the injection of denosumab [20].
Participants who completed the FREEDOM trial were
eligible to enter an extension to continue the evaluation of
denosumab efficacy and safety for up to 10 years. For the
5-year extension results, women from the FREEDOM de-
nosumab group had two more years of denosumab treat-
ment (the long-term group) and those from the FREEDOM
placebo group had 2 years of denosumab exposure (the
crossover group). A total of 4,550 women were enrolled in
the extension (2,343 long-term; 2,207 crossover). Reduc-
tions in BTMs were maintained (in the long-term group) or
occurred rapidly (in the crossover group) following deno-
sumab administration. In the long-term group, lumbar
spine and total hip BMD increased further, resulting in
5-year gains of 13.7 and 7.0 %, respectively. In the
crossover group, BMD increased at the lumbar spine
(7.7 %) and total hip (4.0 %) during the 2-year denosumab
treatment. Yearly fracture incidences for both groups were
below the rates observed in the FREEDOM placebo group
and below the rates projected for a ‘virtual untreated twin’
cohort. Adverse events did not increase with long-term
denosumab administration. Two adverse events in the
crossover group were adjudicated as being consistent with
osteonecrosis of the jaw. The authors concluded that 5-year
denosumab treatment in women with postmenopausal
osteoporosis maintained BTM reduction and increased
BMD, and was associated with low fracture rates and a
favourable risk/benefit profile [21].
Antiresorptive Drugs Beyond Bisphosphonates 415
Women from the FREEDOM denosumab group
received three more years of denosumab for a total of
6 years (in the long-term group), and women from the
FREEDOM placebo group received 3 years of denosumab
(in the crossover group). In the long-term group, BMD
further increased for cumulative 6-year gains of 15.2 %
(lumbar spine) and 7.5 % (total hip). During the first
3 years of denosumab treatment, the crossover group had
significant gains in lumbar spine BMD (9.4 %) and total
hip BMD (4.8 %), similar to the findings in the long-term
group during the 3-year FREEDOM trial. In the long-term
group, fracture incidences remained low and below the
rates projected for a virtual placebo cohort. In the crossover
group, the 3-year incidences of new vertebral and non-
vertebral fractures were similar to those of the FREEDOM
denosumab group. Incidence rates of adverse events did not
increase over time. Six participants had events of osteo-
necrosis of the jaw confirmed by adjudication. One par-
ticipant had a fracture adjudicated as being consistent with
an atypical femoral fracture. The authors concluded that
denosumab treatment for 6 years remained well tolerated,
maintained reduced bone turnover and continued to
increase BMD. The fracture incidence remained low [22].
To understand the differences in the fracture incidence
between treatment groups after cessation of the investiga-
tional product, subjects in FREEDOM who discontinued
treatment after receiving 2–5 doses of denosumab or pla-
cebo and who continued study participation for C7 months
were evaluated. The off-treatment observation period for
each individual subject began 7 months after the last dose
and lasted until the end of the study. This subgroup of 797
subjects (470 placebo, 327 denosumab), who were evalu-
able during the off-treatment period, showed similar
baseline characteristics for age, prevalent fracture, and
lumbar spine and total hip BMD T scores. During treat-
ment, more placebo-treated subjects than denosumab-
treated subjects sustained a fracture and had significant
decreases in BMD. During the off-treatment period (med-
ian 0.8 years per subject), 42 versus 28 % of placebo- and
denosumab-treated subjects, respectively, initiated other
therapy. Following discontinuation, similar percentages of
subjects in both groups sustained a new fracture (9 %
placebo, 7 % denosumab), resulting in a fracture rate per
100 subject-years of 13.5 for placebo and 9.7 for denosu-
mab (hazard ratio 0.82, 95 % CI 0.49–1.38), adjusted for
age and total hip BMD T score at baseline. There was no
apparent difference in the fracture occurrence pattern
between the groups during the off-treatment period [23].
The BTM substudy of the FREEDOM trial included 160
women randomized to receive subcutaneous denosumab
(60 mg) or placebo injections every 6 months for 3 years.
Biochemical markers of bone resorption (serum CTX and
tartrate-resistant acid phosphatase) and bone formation
(serum procollagen type I N-propeptide and bone-specific
alkaline phosphatase) were measured at baseline and at 1,
6, 12, 24 and 36 months. The decreases in CTX were more
rapid and greater than the decreases in procollagen type I
N-propeptide and bone-specific alkaline phosphatase. One
month post-injection, CTX levels in all denosumab-treated
subjects decreased to levels below the premenopausal ref-
erence interval. CTX values at the end of the dosing period
were influenced by baseline CTX values and the dosing
interval. The percentage of subjects with CTX levels below
the premenopausal reference interval before each sub-
sequent injection decreased from 79 to 51 % during the
study. CTX and procollagen type I N-propeptide remained
below the premenopausal reference interval at all time-
points in 46 and 31 % of denosumab-treated subjects,
respectively. With denosumab, but not with placebo, there
were significant correlations between CTX reduction and
the BMD increase (r value -0.24 to -0.44) [24].
The primary data from the phase 3 FREEDOM study of
the effects of denosumab in women with postmenopausal
osteoporosis were used to compute country-specific proba-
bilities, using the FRAX tool (version 3.2). At baseline, the
median 10-year probability of a major osteoporotic fracture
(with BMD) was approximately 15 %, and for hip fracture,
the risk was approximately 5 %, in both groups. In the
simplest model adjusted for age and fracture probability,
treatment with denosumab over 3 years was associated with
a 32 % (95 % CI 20–42 %) decrease in clinical osteoporotic
fractures. Denosumab reduced the fracture risk to a greater
extent in those at moderate to high risk. For example, at 10 %
probability, denosumab decreased the fracture risk by 11 %
(P = 0.629), whereas at 30 % probability (the 90th per-
centile of the study population), the reduction was 50 %
(P = 0.001). The reduction in fracture was independent of
prior fracture, a parental history of hip fracture or secondary
causes of osteoporosis. A low body mass index was associ-
ated with greater efficacy. Overall, the efficacy of denosu-
mab was greater in those at moderate to high risk of fracture,
as assessed by FRAX [25].
Because of the large number of patients included in the
FREEDOM study and the wide scatter in age
(60–90 years), subgroup analyses were prospectively
planned before study unblinding to evaluate the effect of
denosumab on new vertebral and nonvertebral fractures
across various subgroups. The anti-fracture efficacy of
denosumab did not significantly differ for any of the sub-
groups that were analyzed, including patients above the age
of 75 years [26].
2.5 Supportive Studies
A multicentre, international, randomized, double-blind,
double-dummy study was conducted in 504
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postmenopausal women C55 years of age with a BMD
T score of -2.0 and -4.0 who had been receiving
alendronate therapy for at least 6 months (in the STAND
study). Subjects received open-label branded alendronate
70 mg once weekly for 1 month and then were randomly
assigned to either continued weekly alendronate therapy or
subcutaneous denosumab 60 mg every 6 months, and were
followed for 12 months. Changes in BMD and BTMs were
evaluated. In subjects transitioning to denosumab, total hip
BMD increased by 1.90 % at month 12, compared with a
1.05 % increase in subjects continuing on alendronate
(P \ 0.0001). Significantly greater BMD gains with de-
nosumab than with alendronate were also achieved at
12 months at the lumbar spine, femoral neck and one third
radius (all P \ 0.0125). Median serum CTX levels
remained near baseline in the alendronate group and were
significantly decreased with denosumab versus alendronate
(P \ 0.0001) at all timepoints [27].
Another trial was designed to compare the efficacy and
safety of denosumab with risedronate over 12 months in
postmenopausal women who transitioned from daily or
weekly alendronate treatment and were considered to be
suboptimally adherent to therapy. In this randomized,
open-label study, postmenopausal women aged C55 years
received denosumab 60 mg subcutaneously every
6 months or risedronate 150 mg orally every month for
12 months. The endpoints included the percentage changes
from baseline in total hip BMD (the primary endpoint),
femoral neck BMD and lumbar spine BMD at month 12;
and the percentage changes from baseline in CTX at
months 1 and 6. Safety was also assessed. A total of 870
subjects were randomized (435 to risedronate, 435 to de-
nosumab), who had a mean age of 67.7 (standard deviation
[SD] 6.9) years; mean BMD T scores of -1.6 (0.9), -1.9
(0.7) and -2.2 (1.2) at the total hip, femoral neck and
lumbar spine, respectively; and median CTX of 0.3 ng/mL
at baseline. At month 12, denosumab significantly
increased BMD compared with risedronate at the total hip
(2.0 versus 0.5 %), femoral neck (1.4 versus 0 %) and
lumbar spine (3.4 versus 1.1 %, P = 0.0001 at all sites).
Denosumab significantly decreased CTX, compared with
risedronate, at month 1 (a median change from baseline of
-78 versus -17 %, P \ 0.0001) and at month 6 (-61
versus -23 %, P \ 0.0001). Overall and serious adverse
events were similar between groups. The authors con-
cluded that in postmenopausal women who were subopti-
mally adherent to alendronate therapy, transitioning to
denosumab was well tolerated and more effective than
risedronate in increasing BMD and reducing bone turnover
[28].
Iliac crest bone biopsies were collected at 24 and/or
36 months from osteoporotic postmenopausal women in
the FREEDOM study (45 women receiving placebo and 47
denosumab) and at 12 months from postmenopausal
women who had previously been treated with alendronate
in the STAND study (21 continuing alendronate and 15
changed to denosumab at trial entry). Qualitative histo-
logical evaluation of the biopsies was unremarkable. In the
FREEDOM study, the median eroded surface was reduced
by more than 80 %, and osteoclasts were absent from more
than 50 % of biopsies in the denosumab group. Double
labelling in trabecular bone was observed in 94 % of pla-
cebo bones and in 19 % of those treated with denosumab.
The median bone-formation rate was reduced by 97 %.
Among denosumab-treated subjects, those with double
labels and those with absent labels had similar levels of
biochemical BTMs. In the STAND trial, indices of bone
turnover tended to be lower in the denosumab group than in
the alendronate group. Double labelling in trabecular bone
was seen in 20 % of the denosumab biopsies and in 90 %
of the alendronate samples [29].
Two hundred and fifty women with osteoporosis were
randomized to 12 months of treatment with subcutaneous
denosumab 60 mg every 6 months or oral alendronate
70 mg once weekly, then crossed over to the other treat-
ment. The frequency of the primary endpoint, treatment
adherence at 12 months, was 76.6 % for alendronate and
87.3 % for denosumab [30].
2.6 Health Economics
Besides the clinical profile of a new drug, it becomes
increasingly important to assess whether the drug repre-
sents good value for money. One study aimed to examine
the potential cost effectiveness of denosumab in the treat-
ment of postmenopausal osteoporotic women. An updated
version of a validated Markov microsimulation model was
used to estimate the cost (in 2009 Euro values) per quality-
adjusted life-year (QALY) gained of 3-year denosumab
treatment compared with no treatment. The model was
populated with cost and epidemiological data for Belgium
from a healthcare perspective, and the base-case population
was defined from the FREEDOM trial. The effect of de-
nosumab after treatment cessation was conservatively
assumed to decline linearly over 1 year. Uncertainty was
investigated using one-way and probabilistic sensitivity
analyses. In particular, additional analyses were performed
in populations (aged over 60 years) where osteoporosis
medications are currently reimbursed in many European
countries, i.e. with a BMD T score B2.5 or prevalent ver-
tebral fracture. In the base-case analysis, the cost per
QALY gained of denosumab compared with no treatment
was estimated at €28,441. This value decreased to €15,532
and to €11,603 for women with a BMD T score of -2.5 or
prevalent vertebral fracture, respectively. Additional anal-
yses showed that over the entire age range that was
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examined (60–80 years), the cost effectiveness of denosu-
mab fell below the commonly accepted threshold of
€30,000 per QALY gained for women with a BMD T score
B-2.5 or prevalent vertebral fracture. The results were
robust under a wide range of plausible assumptions. In
conclusion, this study suggested, on the basis of currently
available data, that denosumab was cost effective com-
pared with no treatment for postmenopausal Belgian
women with low bone mass, who were similar to the
patients included in the FREEDOM trial. In addition, de-
nosumab was found to be cost effective in the population
currently reimbursed in Europe with a T score B-2.5 or
prevalent vertebral fracture, aged 60 years and above [31].
2.7 Combination Treatment
Postmenopausal women with osteoporosis were enrolled in
a randomized, controlled trial. Patients were assigned to
receive teriparatide 20 lg daily, denosumab 60 mg every
6 months or both. BMD was measured at 0, 3, 6 and
12 months. At 12 months, posterior–anterior lumbar spine
BMD increased more in the combination group (9.1 % [SD
3.9]) than in the teriparatide group (6.2 % [4.6],
P = 0.0139) or the denosumab group (5.5 % [3.3],
P = 0.0005). Femoral neck BMD also increased more in
the combination group (4.2 % [3.0]) than in the teriparatide
group (0.8 % [4.1], P = 0.0007) and the denosumab group
(2.1 % [3.8], P = 0.0238), as did total hip BMD (combi-
nation 4.9 % [2.9]; teriparatide 0.7 % [2.7], P \ 0.0001;
denosumab 2.5 % ([2.6], P = 0.0011).
The authors concluded that combined teriparatide and
denosumab increased BMD more than either agent alone
and more than has been reported with approved therapies
[32].
2.8 Osteonecrosis of the Jaw
A few cases of osteonecrosis of the jaw have been reported
in patients with cancer or in patients with osteoporosis
treated with denosumab [33–35]. Atypical femoral frac-
tures have also been described in patients receiving deno-
sumab [36, 37]. Whereas these cases do not provide
conclusive evidence of a causal relationship between
treatment with denosumab and osteonecrosis or unusual
subtrochanteric fracture, other information is now required
regarding the long-term safety of this potent inhibitor of
bone resorption. Actually, cumulative exposure is a sig-
nificant risk factor for both osteonecrosis of the jaw and
atypical femoral fracture. Given the more potent antire-
sorptive effect of denosumab compared with oral and
intravenous bisphosphonates, the incidence rates of osteo-
necrosis of the jaw and atypical femoral fracture might be
higher with denosumab. The low numbers currently
reported may, indeed, be attributable to limited clinical
exposure in comparison with bisphosphonates.
3 Cathepsin K Inhibitors
3.1 Mode of Action
Cathepsin K is a cysteine protease of the papain family,
predominantly found in osteoclasts 538. Cathepsin K is
capable of cleaving triple helical collagens in their helical
domains [38]. Inhibition of bone resorption by cathepsin K
leaves other osteoclastic functions unaffected, and some
preliminary results have suggested that a cathepsin K
inhibitor could prevent bone loss while allowing bone
formation to continue [39]. Irreversible inhibitors with high
potency and selectivity have been synthesized and char-
acterized. However, these are not considered to be viable
drug candidates for the treatment of osteoporosis, because
of the concern that, despite their selectivity, they will, over
time, react with other reactive cysteine protein species,
causing toxic side effects [38]. Reversible cathepsin K
covalent inhibitors have been concomitantly developed by
several pharmaceutical companies (Novartis, Merck,
GlaxoSmithKline, Medivir) [38]. However, most of the
cathepsin K inhibitors that were developed for their
potential effect in osteoporosis were prematurely aban-
doned, mainly because of safety concerns (e.g. regarding
the skin). Today, odanacatib is the only remaining
cathepsin K inhibitor that is still at a significant stage of
development in osteoporosis.
3.2 Animal Experiments
Odanacatib is a selective and reversible inhibitor of
cathepsin K and is currently being developed as a once-
weekly treatment for osteoporosis. In a recent study, the
authors evaluated the effects of odanacatib on bone turn-
over, BMD and bone strength in the lumbar spines of
oestrogen-deficient, skeletally mature rhesus monkeys.
Ovariectomized monkeys were treated in prevention mode
for 21 months with either vehicle, odanacatib 6 mg/kg or
odanacatib 30 mg/kg (given orally once daily) and com-
pared with intact animals. Odanacatib treatment persis-
tently suppressed bone resorption markers (urinary NTX
[by 75–90 %] and CTX [by 40–55 %]) and serum forma-
tion markers (bone-specific alkaline phosphatase [by
30–35 %] and procollagen type I N-propeptide [by
60–70 %]) versus vehicle treatment. Treatment with
odanacatib also led to dose-dependent increases in serum
crosslinked C-terminal telopeptide and maintained oestro-
gen deficiency-elevated tartrate-resistant acid phosphatase
levels, supporting the distinct mechanism of cathepsin K
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inhibition in effectively suppressing bone resorption with-
out reducing osteoclast numbers. Odanacatib at both doses
fully prevented bone loss in lumbar vertebrae (L1 to L4) in
ovariectomized animals, maintaining a BMD level com-
parable to that in intact animals. Odanacatib dose-depen-
dently increased L1 to L4 BMD by 7 % in the 6 mg/kg
group (P \ 0.05 versus the vehicle-treated ovariectomized
group) and 15 % in the 30 mg/kg group (P \ 0.05 versus
the vehicle-treated ovariectomized group) from baseline.
Treatment also trended to increase bone strength, associ-
ated with a positive and highly significant correlation
(r = 0.838) between peak load and bone mineral content
(BMC) of the lumbar spine. Whereas odanacatib reduced
bone turnover parameters in trabecular bone, the number of
osteoclasts was either maintained or increased in the
odanacatib-treated groups compared with the vehicle-
treated controls. Taking these observations together, the
authors felt that long-term treatment with odanacatib
effectively suppressed bone turnover without reducing
osteoclast numbers and maintained normal biomechanical
properties of the spine in ovariectomized nonhuman pri-
mates [39].
Another study evaluated the effects of odanacatib on
bone mineralization density distribution (BMDD) by
quantitative backscattered electron imaging in the vertebral
spongiosa, distal femoral metaphysis and cortical shaft
from monkeys (aged 16–23 years) treated with vehicle
(n = 5) or odanacatib (6 mg/kg: n = 4; or 30 mg/kg:
n = 4) given orally once daily for 21 months. Dual-energy
X-ray absorptiometry was measured in a subset of distal
femoral samples. In the lumbar vertebrae, there was a shift
to higher mineralization in samples from the odanacatib-
treated monkeys, compared with the vehicle-treated mon-
keys. In distal femoral metaphyseal cancellous bone, there
was a clear tendency towards a dose-dependent increase in
matrix mineralization, as in the spine. However, the pri-
mary and osteonal bone of the distal cortical diaphysis
showed no significant change in BMDD, whereas BMD
was significantly increased after treatment. In ovariecto-
mized monkeys, this study showed that odanacatib treat-
ment increased trabecular BMDD, consistent with its
previously reported ability to reduce cancellous remodel-
ling. Odanacatib also showed no changes in BMDD in
cortical bone sites, consistent with its actions in main-
taining endocortical and stimulating periosteal bone for-
mation [40].
The effects of odanacatib on BMD, bone strength and
dynamic histomorphometric analyses of the hip were further
analysed in the same monkeys. The animals were treated for
21 months with vehicle, odanacatib 6 mg/kg or odanacatib
30 mg/kg (given orally once daily). Odanacatib increased
femoral neck BMD by 11 and 15 % (P \ 0.07) and ultimate
load by 25 % (P \ 0.05) and 30 % (P \ 0.01) versus
vehicle. Treatment-related increases in ultimate load posi-
tively correlated with the increased femoral neck BMD,
BMC and cortical thickness. Histomorphometry of the
femoral neck and proximal femur revealed that odanacatib
reduced the trabecular and intracortical bone formation rates
but did not affect the long-term endocortical bone formation
rate. Moreover, the 30 mg/kg odanacatib dose stimulated the
long-term femoral neck and proximal femur periosteal bone
formation rates by 3.5- and 6-fold, respectively, versus
vehicle. Osteoclast surfaces were either unaffected or tren-
ded higher (*2-fold) in endocortical and trabecular surfaces
in the odanacatib group. Lastly, odanacatib increased the
cortical thickness of the femoral neck by 21 % (P = 0.08)
and the proximal femur by 19 % (P \ 0.05) versus vehicle
after 21 months of treatment. Together, both doses of
odanacatib increased bone mass and improved bone strength
at the hip. Unlike conventional antiresorptives, odanacatib
displayed site-specific effects on trabecular versus cortical
bone formation. The drug provided marked increases in
periosteal bone formation and cortical thickness in ovariec-
tomized monkeys [41].
3.3 Phase 1 Studies
In two double-blind, randomized, placebo-controlled phase 1
studies, postmenopausal female subjects received odanacatib
once weekly for 3 weeks or once daily for 21 days. BTMs,
safety monitoring and plasma odanacatib concentrations were
assessed. These studies showed odanacatib to be well toler-
ated. Pharmacokinetic analysis revealed a long half-life (t;
66–93 h) consistent with once-weekly dosing. Pronounced
reductions in CTX (approximately 62 %) and NTX normal-
ized to creatinine [NTX/Cr] (approximately 62 %) at trough
(C(168 h)) were seen following weekly administration.
Robust reductions in CTX (up to 81 %) and NTX/Cr (up to
81 %) were seen following daily administration. Odanacatib
exhibits robust and sustained suppression of bone resorption
biomarkers (CTX and NTX/Cr) at weekly doses C25 mg and
daily doses C2.5 mg [42].
3.4 Phase 2 Studies
A 1-year dose-finding trial with a 1-year extension on the
same treatment assignment was performed in postmeno-
pausal women with low BMD to evaluate the safety and
efficacy of weekly oral doses of placebo or odanacatib 3,
10, 25 or 50 mg on BMD and biomarkers of skeletal
remodelling. Women with BMD T scores of -2.0 or less
but not less than -3.5 at the lumbar spine or femoral sites
were randomly assigned to receive placebo or one of four
doses of odanacatib; all received vitamin D, with calcium
supplementation as needed. The primary endpoint was the
percentage change from the baseline lumbar spine BMD.
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Other endpoints included the percentage change in BMD at
hip and forearm sites, as well as changes in biomarkers of
skeletal remodelling. Twenty-four months of treatment
produced progressive dose-related increases in BMD. With
the 50 mg dose of odanacatib, lumbar spine and total hip
BMD increased by 5.5 and 3.2 %, respectively, whereas
BMD at these sites was essentially unchanged with placebo
(-0.2 and -0.9 %). Biochemical BTMs exhibited dose-
related changes. The safety and tolerability of odanacatib
generally were similar to those of placebo, with no dose-
related trends in any adverse experiences. In summary,
2 years of weekly odanacatib treatment was generally well
tolerated and increased lumbar spine and total hip BMD in
a dose-related manner in postmenopausal women with low
BMD [43].
An extension of this study was recently published.
Continued treatment with odanacatib 50 mg for 3 years
produced significant increases from baseline and from
year 2 in BMD at the spine (7.9 and 2.3 %, respectively)
and total hip (5.8 and 2.4 %, respectively). Urine NTX
remained suppressed at year 3 (-50.5 %), but bone-spe-
cific alkaline phosphatase was relatively unchanged from
baseline. Treatment discontinuation resulted in bone loss at
all sites, but BMD remained at or above baseline. After
odanacatib discontinuation at month 24, BTMs increased
transiently above baseline, but this increase largely
resolved by month 36. There were similar overall adverse
event rates in both treatment groups [44]. For years 4 and 5,
women who had received placebo or odanacatib 3 mg in
years 1 and 2 and placebo in year 3 received odanacatib
50 mg; others continued their year 3 treatments. The end-
points included lumbar spine BMD (the primary endpoint)
and hip, one third radius and total body BMD; markers of
bone metabolism; and safety. Women in the year 4–5
extension receiving placebo (n = 41) or odanacatib 50 mg
(n = 100) had similar baseline characteristics. For women
who received odanacatib (10–50 mg) for 5 years, spine and
hip BMD increased over time. With odanacatib 50 mg
continually for 5 years (n = 13), the mean lumbar spine
BMD percentage change from baseline was 11.9 % (95 %
CI 7.2–16.5) versus -0.4 % (-3.1 to 2.3) for women who
were switched from odanacatib 50 mg to placebo after
2 years (n = 14). In pooled results for women receiving
continuous odanacatib (10–50 mg, n = 26–29), the year 5
geometric mean percentage changes from baseline in the
bone resorption markers NTX/Cr and CTX were approxi-
mately -55 %, but the values for the bone formation
markers bone-specific alkaline phosphatase and procolla-
gen type I N-propeptide were near baseline. In women
switched from odanacatib 10–50 mg to placebo after
2 years (n = 25), BTM values were near baseline. In
summary, women receiving combinations of odanacatib
(10–50 mg) for 5 years had gains in spine and hip BMD
and showed larger reductions in bone resorption than bone
formation markers. Discontinuation of odanacatib resulted
in reversal of treatment effects. Treatment with odanacatib
for up to 5 years was generally well tolerated [45].
In a randomized, double-blind, placebo-controlled,
24-month study, 243 postmenopausal women C60 years of
age with low BMD at the total hip, femoral neck or tro-
chanter (T score B-2.5 but [-3.5 without prior fracture
or C-1.5 but[-3.5 with prior fracture) on alendronate for
C3 years received odanacatib 50 mg or placebo weekly.
In the odanacatib group, BMD changes from baseline at
the femoral neck, trochanter, total hip and lumbar spine at
24 months (1.7, 1.8, 0.8 and 2.3 %, respectively) were
significantly different from those in the placebo group.
Odanacatib significantly decreased the urinary NTX/Cr
ratio and significantly increased serum procollagen type I
N-propeptide compared with placebo. Serum CTX was
unexpectedly increased with odanacatib treatment. The
safety profile appeared similar between groups [46].
A double-blind, 2-year trial randomized 214 postmen-
opausal women with low BMD to receive odanacatib
50 mg or placebo weekly. Bone strength estimated by finite
element analysis at the hip was significantly increased
when compared with placebo at 6 months. At the cortical
envelop of the femoral neck, the BMC, thickness, volume
and cross-sectional area were also increased from baseline
with odanacatib versus placebo at up to 2 years [47].
The efficacy and safety of oral placebo or odanacatib 10,
25 or 50 mg once weekly for 52 weeks were evaluated in a
double-blind, randomized, multicentre study in Japanese
female and male patients with osteoporosis. The primary
efficacy endpoint was the percentage change from baseline
to week 52 in the lumbar spine BMD. The secondary end-
points included the percentage changes in total hip, femoral
neck and trochanter BMD and in bone biomarkers after
treatment for 52 weeks. In this study, 286 patients (94 %
female; mean age 68.2 [SD 7.1] years) were included in the
analysis. The least-squares mean percentage changes from
baseline to week 52 in the groups receiving placebo, 10 mg,
25 mg and 50 mg of odanacatib for lumbar spine (L1 to L4)
BMD were 0.5, 4.1, 5.7 and 5.9 %, respectively, and for total
hip BMD they were 0.4, 1.3, 1.8 and 2.7 %, respectively. The
changes in femoral neck and trochanter BMD were similar to
those at the total hip. BTMs were reduced in a dose-depen-
dent manner. However, the effects of odanacatib on bone
formation markers were lesser than the effects on bone
resorption markers. Tolerability and safety profiles were
similar among all treatment groups, with no dose-related
trends in any adverse events. This suggests that weekly
odanacatib treatment for 52 weeks increases BMD at the
lumbar spine and at all hip sites in a dose-dependent manner
and is well tolerated in Japanese patients with osteoporosis
[48].
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3.5 Phase 3 Studies
A randomized, double-blind, phase 3 trial, designed to
examine fracture reduction and safety, enrolled 16,227
postmenopausal osteoporotic women to receive odanacatib
50 mg or placebo once weekly. The primary endpoints
included morphometric vertebral fracture, nonvertebral
fracture and hip fracture. A pre-planned interim analysis
demonstrated anti-fracture efficacy and a favourable ben-
efit/risk profile. Because of safety findings, the trial is
currently being extended for a minimal total period of
observation of 5 years. The results are expected to become
available during the fall of 2014 [49].
4 Conclusion
For 25 years, inhibitors of bone resorption and, more spe-
cifically, bisphosphonates and selective oestrogen receptor
modulators have considerably modified the armamentarium
of osteoporosis. However, the lack of efficacy of selective
oestrogen receptor modulators on nonvertebral and hip
fractures in the general population, as well as questions
raised about the long-term skeletal safety of bisphospho-
nates, together with poor long-term adherence, have
prompted the development of new inhibitors of bone
resorption (Table 1). Denosumab has shown efficacy in
vertebral, nonvertebral and hip fractures. This 6-monthly
subcutaneous formulation might significantly influence
compliance and persistence with therapy. It is also the only
anti-osteoporosis treatment that can be considered in patients
with renal insufficiency [50]. Additional results regarding
long-term skeletal safety (i.e. osteonecrosis of the jaw and
atypical diaphyseal femoral fracture) are needed.
Odanacatib is a promising new approach to the inhibi-
tion of osteoclastic resorption, with the potential to
uncouple bone formation from bone resorption. Results
regarding its anti-fracture efficacy are expected to become
available during the fall of 2014 [51].
These new inhibitors of bone resorption, given either
subcutaneously every 6 months or orally every week, have
the potential advantage of an improvement in long-term
adherence, mainly because of the lack of constraints related
to their administration. For odanacatib, the uncoupling
between bone formation and bone resorption might provide
an additional clinical benefit, compared with pure antire-
sorptive agents, and could also preclude the development
of long-term skeletal adverse reactions, including osteo-
necrosis of the jaw and atypical femoral fracture, which
have been reported with bisphosphonates and denosumab.
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